Johne's disease or bovine paratuberculosis is a serious health concern for veterinarians and livestock producers worldwide. The disease, caused by Mycobacterium paratuberculosis, is widespread in the United States with estimated prevalence in cattle ranging from 1.6% to more than 18%. 3, 16 The organism has a predilection for macrophages found in the lamina propria of the intestinal tract, particularly the terminal ileum, where it causes a chronic granulomatous enteritis. Typically, clinically ill animals develop a chronic diarrhea, lose weight, and are nonresponsive to treatment. Only a small fraction of infected animals, however, show signs of disease. 4 Because both clinically and subclinically infected cows have decreased milk production, veterinarians and livestock producers have a keen interest in controlling paratuberculosis in infected herds. 1, 2 Efforts to control paratuberculosis incorporate calf management changes to minimize disease transmission and diagnostic tests to identify subclinically infected animals for removal from the herd.
The traditional method for diagnosing paratuberculosis in cattle requires culturing M. paratuberculosis on selective bacteriologic media, usually Herrold's egg yolk (HEY) agar, from fecal samples submitted to a diagnostic laboratory, a process that takes 8-16 weeks because of the slow growth of the organism. 30, 32, 33 Fecal culture is 100% specific and has a sensitivity of 40%. 4 Because of slow growth, expense, and low test sensitivity of conventional fecal culture methods, researchers worldwide have been working to develop more sensitive and economic diagnostic tests for paratuberculosis. Investigators have concentrated their efforts in 3 main areas: improving culture-based diagnostic tests, devising better serologic tests, and using DNA or RNA gene probes to detect the organism in fecal or tissue samples.
Tests available for diagnosis of bovine paratuberculosis include conventional fecal culture (HEY), 12, 15, 30, 33, 34 radiometric fecal culture (RCM), 6 the complement fixation (CF) t e s t , 9 , 1 4 , 2 0 , 2 3 , 2 6 agar gel immunodiffusion (AGID) test, [25] [26] [27] the absorbed enzyme-linked immunosorbent assay (ELISA), 8, 17, 18, 36, 37 and DNA or RNA gene probes. 29, 31 Different sensitivities and specificities have been reported for each test, and conflicting results have been found for the same test, creating confusion as to the actual diagnostic accuracy of each test and the best test or combination of tests to be used. 5, 10, 19, 21, 35 P aratuberculosis diagnostic tests have been evaluated by different investigators using different field samples from individual animals or herds that have not been well characterized for their M. paratuberculosis infection status. Many of the test results have been compared to an imperfect "gold standard," conventional fecal culture. This comparison potentially biases evaluation of tests that are not based on organism detection because many infected animals do not shed the organism in feces in detectable numbers. When evaluating diagnostic test accuracy, the populations being tested must include the entire spectrum of disease that can occur. 24 For paratuberculosis, testing should include disease-free populations of animals and infected populations composed of both those shedding and not shedding M. paratuberculosis in their feces. Including only fecal culture-positive animals in diagnostic test evaluation is not adequate. Therefore, to facilitate interlaboratory comparison of diagnostic test accuracy, a repository of samples from cattle of known M. paratuberculosis infection status, from both disease-free and infected herds, has been established. Only subclinically infected animals were selected for sampling, as they represent the target for most diagnostic assays. Every attempt was made to include clinically normal cattle from the entire spectrum of M. paratubercdosis infection severity by using serology, surgical biopsy, and tissue collection at slaughter to identify infected animals that were in early stages of the disease and thus were fecal culture negative.
Thirteen Wisconsin dairy herds were selected for study. Nine herds were confirmed by culture to be infected before the study began, and 4 herds were certified free of paratuberculosis by the state of Wisconsin. To be certified paratuberculosis free in Wisconsin, a herd must have 3 consec- Table 1 . Methods* by which Mycobacterium paratuberculosis-infected cows were detected for each infected herd used for the repository. utive negative whole herd fecal cultures on all animals >20 months of age with the interval between samplings not < 10 or > 14 months apart. 7 All 4 herds subsequently passed at least 1 annual recertification.
Fecal and serum samples were collected on all adult cows >2 years of age then cataloged and maintained at -70 C. Those specimens from cattle ultimately proven M. paratuberculosis infected or from certified paratuberculosis-free herds constituted the repository. Subsequent sampling and testing of the cattle was done only to determine the infection status of the cows, and none of the later sample collections were included in the repository. Individual fecal samples were collected from the rectum with a disposable plastic obstetrical glove a and approximately 50 g was immediately transferred to a plastic bag (Whirl-pack b ). Fecal samples were then placed in a Styrofoam cooler, chilled with ice packs, transferred to the laboratory, and frozen. Fecal samples were cultured by the method standard in the United States using 0.25% hexadecylcetylpyridinium chloride (HPC) as the decontaminant and HEY as the culture medium (2 tubes with mycobactin and 1 tube without mycobactin). Fecal cultures by the conventional method were done by the Wisconsin Central Animal Laboratory (WCAHL), 30, 33 and samples were cultured for 3 months. The fecal samples were also cultured radiometrically. During the next 2 years, the paratuberculosis herds were cultured 4 more times by conventional methods.
Blood samples were collected from the middle coccygeal vein with a 20-gauge l-inch blood collection needle c into a lo-ml Vacutainer tube. c After clotting, but within 12 hours, serum was separated from the blood by centrifugation, and 4 ml was transferred into a sterile disposable cryogenic vial. d An aliquot of each serum sample was tested at a commercial laboratory e using a modification of an absorbed ELISA as previously described. 37 All animals that were fecal culture positive on the repository sample or any subsequent sample were considered truly infected. The infection status of animals ELISA positive and fecal culture negative was determined by histopathology and culture of tissues collected by surgical biopsy or at slaughter. The surgical biopsy technique involved right flank laparotomy with paravertebral anesthesia. 11 The terminal ileum was exteriorized and a full thickness piece of terminal ileum (1 x 2 cm) was collected, and when possible, a local lymph node was located and removed. 22 Tissue samples were homogenized with a stomacher lab blender, f decontaminated for 24 hours in 1% HPC, and cultured radiometrically. In addition, part of the surgical biopsy tissue was immediately fixed in 10% buffered formalin, sectioned, stained by the Ziehl-Neelsen method, and examined for the presence of acid-fast bacilli in macrophages or multinucleated giant cells. If animals sampled for the repository were culled from their herd, the terminal ileum and regional lymph node were collected at a local abattoir and processed in the same manner.
The ability of the biopsy procedure to identify M. paratuberculosis-infected cows was established using 12 clinically normal fecal culture-positive cows purchased from an M. paratuberculosis-infected herd. Terminal ileum and associated lymph nodes were collected by surgical biopsy and processed as described above. Feces from all the animals were repeatedly cultured by RCM at weekly intervals for a minimum of 4 weeks. All 12 cows were euthanized and necropsied, and the terminal ileum and lymph node were again collected and processed for histopathology and culture.
The ability of tissue collection at slaughter to identify M. paratuberculosis-infected cows was determined on 35 clinically normal fecal culture-positive cows. Twenty of the cows were fecal culture positive by both HEY and RCM, and 15 of the cows were fecal culture positive by RCM only. Terminal ileum was collected at a local abattoir, processed as described above, and cultured radiometrically.
Fecal and serum samples from 855 adult cattle were tested. Only specimens from cattle of proven infection status were retained in the repository. Specifically, 182 cattle were confirmed to be infected with M. paratuberculosis, 5 of which had been vaccinated for paratuberculosis as calves using a whole cell bacterin. 13 Two hundred fourteen animals were from herds certified free of paratuberculosis; of these, 196 animals were not vaccinated. Eighty-two (45.1%) of the cows were fecal culture positive by conventional methods on HEY using the repository samples. Of the 100 cows confirmed to be infected at a later date, 14 were found by biopsy, 21 were detected using tissue collected at slaughter, 26 were confirmed as infected by RCM of the original fecal culture, and 39 were detected by conventional fecal culture of samples collected at a later date (Table 1 ). Paratuberculosis prevalence rates for the infected herds ranged from 7% to >60%. In 2 of the infected herds, all cows were fecal culture negative by conventional methods at the beginning of the study.
Of the 12 infected cows that had tissues collected by both surgical biopsy and necropsy, radiometric culture of terminal ileum and lymph node tissues isolated M. paratuberculosis from 11 (92%) and histopathology was positive for 9 (75%). Only 2 of the 12 cows studied were fecal culture positive by RCM at every sampling, and 2 of the cows were fecal culture negative at every sampling. The 1 infected cow missed by radiometric culture of the ileum biopsy was repeatedly fecal culture negative, but infection was confirmed by radiometric culture of terminal ileum collected at necropsy.
Of the 35 conventional fecal culture-positive animals followed to slaughter, 34 (97%) were positive when the terminal ileum was cultured by the radiometric technique. The 1 cow not detected by culture of tissues was culture positive using the RCM.
Specimens from this repository have been used by numerous investigators to evaluate diagnostic test accuracy. The sample size, range of paratuberculosis prevalences in the infected herds, and the number of cases identified by histopathology and culture of tissues collected by surgical biopsy or at slaughter make this repository unique and a valuable resource for investigators working on diagnostic methods for paratuberculosis. All animals positive by any culture-based test are classified as truly infected. This definition assumes that isolation of M. paratuberculosis indicates true infection and not simple transit of the organism through the gastrointestinal tract. It also assumes that recovery from infection did not occur and that the culture-based tests were 100% specific. Ninety-seven percent of fecal culture-positive cattle were ileum culture positive, indicating that the above assumptions about the persistence of M. paratuberculosis infection in adult dairy cattle are correct.
The "gold standard" of fecal culture that has been used for comparing diagnostic test accuracy is imperfect and should not be the only test used to identify a population of infected animals. Table 1 illustrates that if only fecal culture by HEY and RCM were used to find infected animals, those tests would have missed 35 cows, or at least 19.2% of the infected animals. In fact, 9 of the 16 infected animals identified at slaughter in herd G were fecal culture negative by both HEY (2 times) and RCM and were ELISA negative, suggesting that not all the M. paratuberculosis-infected animals were identified in the infected herds.
Of the 177 M. paratuberculosis-infected nonvaccinated cattle, 40.6% were not shedding sufficient M. paratuberculosis in their feces to be detected by either conventional or radiometric culture, which points out the uncertainty of classifying a fecal culture-negative animal in a M. paratuberculosisinfected herd as not infected, even after repeated testing.
Most importantly, these animals should not be used for specificity analysis. If sensitivity analysis were done using only HEY fecal culture-positive cows and specificity analysis were done on HEY fecal culture-negative animals after a minimum of 3 HEY fecal cultures with vaccinated animals for paratuberculosis excluded, the sensitivity and specificity of the absorbed ELISA test would have been 60% and 75%, respectively. In reality, the absorbed ELISA test had a sensitivity and specificity of 60% and 95%, respectively. This bias in paratuberculosis diagnostic test evaluations gives the false impression that serologic tests lack specificity. 26, 28 Therefore, when establishing the sensitivity and specificity of diagnostic tests for paratuberculosis, sensitivity estimation should only be done on a population of M. paratuberculosisinfected animals that includes the entire spectrum of disease (fecal culture-positive and fecal culture-negative animals), and specificity analysis should only be done on populations of animals where the disease has been unequivocally ruled out, i.e., paratuberculosis certified-free herds. 24 Only when investigators use the same criteria for doing sensitivity and specificity analysis will it be possible to compare without bias diagnostic test accuracy. Use of identical samples, as provided by the repository, can further minimize discrepancies among evaluations of paratuberculosis diagnostic tests.
